We prepare a maximally entangled state of two ions and couple both ions to the mode of an optical cavity. The phase of the entangled state determines the collective interaction of the ions with the cavity mode, that is, whether the emission of a single photon into the cavity is suppressed or enhanced. By adjusting this phase, we tune the ion-cavity system from sub-to superradiance. We then encode a single qubit in the two-ion superradiant state and show that this encoding enhances the transfer of quantum information onto a photon. These results constitute a proof of principle that cooperative effects can improve the performance of a quantum interface.
We prepare a maximally entangled state of two ions and couple both ions to the mode of an optical cavity. The phase of the entangled state determines the collective interaction of the ions with the cavity mode, that is, whether the emission of a single photon into the cavity is suppressed or enhanced. By adjusting this phase, we tune the ion-cavity system from sub-to superradiance. We then encode a single qubit in the two-ion superradiant state and show that this encoding enhances the transfer of quantum information onto a photon. These results constitute a proof of principle that cooperative effects can improve the performance of a quantum interface.
Sub-and superradiance are fundamental effects in quantum optics arising in systems that are symmetric under the interchange of any pair of particles [1] [2] [3] . Superradiance has been widely studied in many-atom systems, in which effects such as a quantum phase transition [4, 5] and narrow-linewidth lasing [6] have recently been observed. For few-atom systems, each atom's state and position can be precisely controlled, and thus collective emission effects such as Rydberg blockade [7] and the Lamb shift [8] can be tailored. In a pioneering experiment based on the dipole-dipole interaction between two trapped ions, variation of the ions' separation allowed both sub-and superradiance to be observed, with the excited-state lifetime extended or reduced by up to 1.5% [9] . The contrast was limited because spontaneous emission from the ions was not indistinguishable, as the ions' separation was on the order of the wavelength of the emitted radiation. This limitation of direct dipole-dipole interactions can be overcome by an indirect interaction mediated by a mirror [10] or an optical cavity. In a cavity setting, indistinguishability with respect to emission into the cavity mode is guaranteed when the emitters are equally coupled to the mode, even if they are spatially separated. Subradiance corresponds to a suppressed interaction of the joint state of the emitters with the cavity mode, while for the superradiant state, the interaction is enhanced.
In the context of quantum networks [11, 12] , superradiance can improve a cavity-based quantum interface when one logical qubit is encoded across multiple physical qubits [13] . Such an encoding is also the basis for quantum error correction at network nodes [14] [15] [16] . The transmission of quantum information between these nodes benefits from strong coupling between light and matter, which enables a deterministic quantum interface [17] . If N physical qubits encode one logical qubit, collective superradiance enhances the coupling rate between the logical qubit and the cavity mode from the single-qubit rate g to the effective rate g √ N , thus relaxing the technical requirements for strong coupling. Subradiant states, on the other hand, are interesting from a quantum-information perspective because they span a decoherence-free subspace [18] [19] [20] . A subradiant state of two superconducting qubits coupled to a common cavity has recently been prepared [21] .
Here, we generate collective states of two ions coupled to an optical cavity and use a state in the superradiant regime to improve ion-photon quantum information transfer. Our system is described by the Tavis-Cummings Hamiltonian [22] , the interaction term of which is
where σ
− is the lowering operator for the jth ion, ζ represents a relative phase [23] , and a † is the creation operator of a photon in the cavity mode. We prepare a maximally entangled two-ion state and tune its emission properties between sub-and superradiance, that is, between a dark state |Ψ sub and a state |Ψ super that couples with enhanced strength g √ 2 to the cavity. Furthermore, we transfer quantum information from a state with enhanced emission probability onto a single photon and show that the process fidelity and efficiency are higher than for a single-ion qubit.
In these experiments, two 40 Ca + ions are confined along the axis of a linear Paul trap and coupled to an optical cavity in an intermediate coupling regime [23] . The ion-ion separation is 5.6 µm, for which direct dipole interactions are negligible. We position the ions so that g 1 ≈ g 2 , where g j represents the coupling strength of the jth ion to the cavity [24] . In a cavity-mediated Raman process, each ion prepared in a state from the 4 2 S 1/2 manifold produces a single cavity photon [25] . The process is driven both by a laser at 393 nm detuned from the 4 2 S 1/2 − 4 2 P 3/2 transition and by the cavity, whose detuning from the 854 nm 4 2 P 3/2 −3 2 D 5/2 transition satisfies a Raman resonance condition [26] . Together, laser and cavity provide the interaction term of Eq. (1), in which the relative phase ζ between the ions' coupling arises from an angle of approximately 45
• between the Raman beam and the ion-trap axis [23] . Photons leave • with respect to the trap axis (dashed line) defines the quantization axis. Quantum information stored in the ions is manipulated using two 729 nm beams: the global beam couples to both ions, while the addressing beam is focused onto one ion. A 393 nm laser beam parallel to the magnetic field drives a cavity-mediated Raman transition, generating a single photon in the cavity. At the cavity output, two wave plates (λ/2, λ/4) select the basis in which photon polarization is analyzed. Two avalanche photodiodes (APD1 and APD2) detect the horizontally (H) or vertically (V) polarized photons at the output of a polarizing beamsplitter (PBS). the cavity preferentially through one mirror and are detected on avalanche photodiodes (Fig. 1a) . Entanglement between the ions is generated using a 'global' 729 nm laser beam (Fig. 1a) that couples with equal strength to both ions on the 4 2 S 1/2 − 3 2 D 5/2 quadrupole transition. The target state
is prepared via a Mølmer-Sørensen gate [28] followed by a π/2-rotation, where |S ≡ |4 2 S 1/2 , m j = −1/2 and |D ≡ |3 2 D 5/2 , m j = −1/2 . Fig. 1b shows the evolution of the two-ion state populations during application of the gate. A maximally entangled state is generated for a gate duration of 55 µs. Scanning the phase of a global π/2-pulse applied directly after the entangling operation leads to an oscillation of the parity of the two-ion populations (Fig. 1c) [23] . The ideal state |Ψ + has a parity of −1.
From the contrast of the oscillation, a lower bound on the fidelity of the generated state with respect to |Ψ + is determined to be 95(2)% [23] . A second, 'addressing' 729 nm beam with a waist smaller than the ion-ion separation couples to just one ion. When detuned, this beam induces AC-Stark shifts in the addressed ion, which contribute a phase ϕ to the entangled state [29] :
By adjusting the length of the Stark-shift pulse, we shift this phase, which determines the effective coupling g eff of |Ψ(ϕ) to the cavity mode under the action of H int . Specifically, the superradiant and subradiant states are given by
|Ψ sub ≡ |Ψ(ϕ = −ζ + π) .
Note that if ζ were zero, |Ψ super and |Ψ sub would be the Bell states |Ψ + and |Ψ − , respectively. The Raman process between |S and |D generates a single cavity photon from |Ψ(ϕ) , as only one ion is in |S . This photon has a temporal shape initially determined by the effective coupling g eff between the two-ion state and the cavity mode. For later times, the shape is determined by the rates of both cavity decay and offresonant scattering. Varying g eff by changing the phase ϕ of |Ψ(ϕ) thus modifies the temporal shape, that is, the probability to generate the photon early in the Raman process. Ideally, in the absence of scattering, the coupling of |Ψ sub to the cavity vanishes (g eff = 0) so that no photon is generated. For |Ψ super , in contrast, the coupling is maximized such that g eff = g √ 2. Thus, the probability to generate and detect a photon from |Ψ super early in the process is expected to be higher.
We now determine this probability for a range of phases ϕ. The experimental sequence starts with 1 ms of Doppler cooling. The ions are then optically pumped to |S , followed by 1.3 ms of sideband cooling on the axial center-of-mass mode [30] . Next, global and addressing 729 nm pulses generate the state |Ψ(ϕ) . In the last step, the cavity-mediated Raman transition is driven for 55 µs and photons are detected (Fig. 2a) .
In order to determine whether we achieve enhancement and suppression of the cavity coupling with respect to the single-ion rate g, we carry out a reference measurement. For this single-ion case, one of the two ions is hidden in a state |D ≡ |3 2 D 5/2 , m j = 3/2 that is decoupled from the Raman process. Thus, the initial state is |ψ 1 ≡ |S |D or |ψ 2 ≡ |D |S .
For the states |Ψ(ϕ) , we calculate η(ϕ), the probability to detect a photon in the first 6 µs of the Raman process, an interval in which the effective coupling rate determines the initial slope. For the single-ion cases, we calculate η ψ , the average value of the photon detection probability for |ψ 1 and |ψ 2 in the same time window. Fig. 2b shows the ratio r(ϕ) = η(ϕ)/η ψ as the phase ϕ is varied. For ϕ = 0.68 π, the experimentally determined minimum, the ratio is 0.22(9): photon generation is strongly suppressed. We therefore identify |Ψ(ϕ = 0.68 π) with |Ψ sub . As ϕ is increased, the ratio approaches one, then enters the superradiant regime. A maximum value of r(ϕ) is found for ϕ = 1.58 π. For the corresponding state, identified with |Ψ super , the probability to detect a photon is 1.84(4) times higher than for a single ion, demonstrating strong enhancement in photon generation. For these states |Ψ sub and |Ψ super , we now analyze the temporal photon shapes at the detector (Fig. 2c) . The temporal shapes corresponding to |ψ 1 and |ψ 2 are considered as a reference; from their overlap, we find the coupling strengths of the two ions, g 1 and g 2 , to be within 10% of one another. The photons generated from |Ψ super exhibit a steeper initial slope than the single-ion case, while |Ψ sub has a flatter slope. The photon shapes are consistent with enhanced and suppressed coupling to the cavity and are in good agreement with simulations of the ion-cavity system. The simulations are based on numerical integration of the master equation and include imperfect preparation of the initial state, which together with off-resonant scattering accounts for the small but nonzero probability to generate photons from |Ψ sub . For |Ψ super , these effects reduce the photon generation probability by about 10% for the first 6 µs of the Raman process [23] .
We now describe the implementation of a quantum interface that exploits the enhanced coupling of the superradiant state to the cavity [13] . The state |Ψ(ϕ) as defined in Eq. 2 contains two contributions: one from the ground state |S and the other from |D . We extend this definition so that the ground-state component can be stored in either of two states, that is, in |S or in |S ≡ |4 2 S 1/2 , m j = +1/2 . A logical qubit is encoded in these two states, and this qubit is mapped onto the polarization state of a single cavity photon. To perform the mapping process, we use a phase-stable bichromatic Raman transition that coherently transfers |S to |D , producing a horizontally polarized photon |H , and |S to |D , producing a vertically polarized photon |V [31] (Fig. 3a) . Defining a superposition state |α, β ≡ cos α |S + e iβ sin α |S , the mapping process can be represented by
where |0 stands for the cavity vacuum and the phase is set to ϕ = 1.58π, corresponding to |Ψ super . In order to characterize the mapping, we extract the process matrix χ, which describes the transformation from the input to the output density matrix: ρ out = i,j χ ij σ i ρ in σ j , where σ i ∈ {1, σ x , σ y , σ z } are the Pauli operators [32] . Following Doppler cooling, optical pumping, and sideband cooling as above, the two ions are prepared in |Ψ super . Next, two global 729 nm pulses prepare one of the four orthogonal input states |α, β , with (α, β) ∈ {(π/2, 0), (0, 0), (π/4, 0), (π/4, π/2)}. Finally, the Raman transition is driven and the photon is detected in one of three orthogonal polarization bases [33] . This set of measurements allows χ to be reconstructed via the maximum likelihood method. As the target mapping corresponds to the identity operation, the process fidelity is given by the matrix entry χ 00 . For comparison, as before, we carry out reference measurements in which enhancement is not present, for which the ions are prepared in |ψ 1 . The mapping process is then given by |α, β |D |0 → |D |D cos α |H + e iβ sin α |V . Fig. 3b shows the process fidelities χ 00 for |Ψ super and |ψ 1 as a function of the photon detection time window. Not only is the fidelity of the superradiant case higher for all data points, but also the improvement over the single-ion case increases with the length of the detection window. For a detection time window of 6 µs, the fidelity is 93.3(3)% for |Ψ super and 90.9(5)% for |ψ 1 , indicating that in both cases the logical qubit is correctly mapped onto photon polarization with very high probability. A maximum value of 96.0(3)% is found for |Ψ super for photons detected between 2 and 4 µs. As the detection window length is increased, χ 00 decreases for both |Ψ super and |ψ 1 because the probability for offresonant excitation to the 4 2 P 3/2 -manifold increases with time. If such an event happens during the Raman process, the initial state |α, β is randomly projected onto |0, 0 = |S or |π/2, 0 = |S , and the qubit is then mapped onto either |H or |V , regardless of the information in the initial superposition [31] . However, while the probability for scattering is the same for both states, photons are produced earlier from |Ψ super because of the enhanced effective coupling. Thus, the improvement in the fidelity stems from an increased probability to generate a photon before scattering occurs. After 55 µs, we find χ 00 = 73.4(3)% for |Ψ super in comparison with 68.7(2)% for |ψ 1 . Simulations that take into account detector dark counts, imperfect state initialization, and magnetic field fluctuations are in good agreement with the data. We attribute the small mismatch between simulated and measured fidelities for intermediate times to a variation of g j on the order of 10% due to thermal drifts of the cavity position with respect to the ions' positions.
We also investigate the cumulative process efficiency ε(t), defined as the probability to detect a photon before time t (Fig. 3c) . For t = 6 µs, the process efficiency for |Ψ super is ε s (t) = 0.33(1)%, while for |ψ 1 , it is ε 1 (t) = 0.17(1)%, corresponding to a ratio ε s /ε 1 of 1.94 (13) . The ratio decreases monotonically with t, and by t = 55 µs, it is 1.34 (5) . While the enhanced coupling modifies the temporal shape of the photons early in the process, for longer times its effect on the cumulative process efficiency is small, such that the ratio is expected to approach one. A single photon generated in the cavity is detected with an efficiency of 7%, due to losses in the cavity mirrors, optical path losses and the detection efficiency of the avalanche photodiodes.
In summary, we have encoded a target quantum state within a logical qubit based on two entangled ions and have transferred that state to a cavity photon. In the superradiant regime, the collective coupling of the ions to the cavity mode enhances both the fidelity and efficiency of the transfer process, which can be understood in terms of a stronger effective ion-cavity coupling. Further improvements in this coupling are thus expected by encoding the logical qubit across more physical qubits, as in a planar microfabricated trap [34] . It is worth emphasizing two advantages of ions as qubits in these experiments: first, that the coupling strength of each ion to the cavity can be precisely controlled, and second, that a universal set of gates [35] allows preparation of a range of states, from sub-to superradiant. By tuning over this range, one could selectively turn off and on the coupling of logical qubits to the cavity. This technique would provide a versatile tool for addressable read-write operations in a quantum register.
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APPENDIX System parameters
Two 40 Ca + ions are confined in a linear Paul trap and coupled to an optical cavity. The cavity decay rate is κ = 2π × 50 kHz, and the atomic decay rate is γ = 2π × 11.5 MHz, which is the sum of the decay channels from P to D and from P to S, where the manifolds are defined as P ≡ 4 2 P 3/2 , D ≡ 3 2 D 5/2 , and S ≡ 4 2 S 1/2 . The coupling strength of a single ion to the cavity mode on the D − P transition is g = 2π ×1 MHz. A Raman beam with Rabi frequency Ω is used to drive the S − P transitions. The cavity parameters are described in further detail in Ref. [36] .
The three-level system S-P-D can be mapped onto an effective two-level system S-D if a Raman resonance condition is met, i.e., when both Raman beam and cavity resonance have the same detuning from P [26] . During a cavity-mediated process, the electronic population of the ion is coherently transferred from a state in S to a state in D, generating a cavity photon. For sufficiently large ∆, negligible population is transferred to P. The rates of the effective two-level system are g eff = Ω g 2∆ and γ eff = γ Ω 2∆ 2 . Here, ∆ ∼ 400 MHz.
Ten individual Raman transitions between S and D can be identified when all Zeeman sublevels are considered. A magnetic field of B = 4.5 G, orthogonal to both the cavity axis and the wavevector of the Raman beam, lifts the degeneracy of the Zeeman sublevels such that each transition can be individually addressed [26] . The strength of the magnetic field is determined via spectroscopy of the S − D transitions.
In the main text, two experiments are presented. In the first experiment, we examine the probability to generate a photon as a function of the phase of the twoion entangled state. To perform the experiment, a Raman beam with Rabi frequency Ω = 20 MHz drives the |S ≡ |S, m j = −1/2 to |D ≡ |D, m j = −1/2 transition. In the second experiment, we use a superradiant state to enhance the performance of a cavity-based quantum interface. In this case, a bichromatic Raman beam with Rabi frequencies 17.5 and 8.75 MHz drives the |S to |D and |S ≡ |S, m j = 1/2 to |D transitions. In both experiments, the Rabi frequencies are first determined experimentally via Stark-shift measurements with an uncertainty on the order of 20%. Next, in simulations of single-photon generation, we adjust the Rabi frequencies within the experimental uncertainty range and find values for which the temporal photon shapes have the best agreement with data.
Relative Raman phase
In the first experiment, the part of the Hamiltonian that describes the interactions of the Raman laser and the cavity with the ion is
where
SP ≡ |P S| , a † is the photon creation operator, and φ Ri is the optical phase of the Raman beam when interacting with the ith ion. Here, the rotating wave approximation has been used and an appropriate transformation to the interaction picture has been applied such that the Hamiltonian is timeindependent. In this model, both ions are coupled to the cavity with the same strength, and the minus sign between the first and the second terms of Eq. (sm 1) accounts for the fact that in our cavity system the two ions are located in adjacent antinodes [24] .
When the Raman resonance condition is met, Eq. (sm 1) can be rewritten as Eq. (1), identifying ζ = (φ R1 −φ R2 ) and σ − = |D S| . The relative phase ζ is given by ζ = 2π d sin θ/λ, where d is the ions' separation, θ ≈ 45
• is the angle between trap axis and Raman beam, and λ = 393 nm is the wavelength of the Raman beam.
Initial state preparation
To generate |Ψ(φ) = |S |D + e iφ |D |S / √ 2, we first produce a maximally entangled state |Ψ + = |S |S +i |D |D / √ 2 by means of a Mølmer-Sørensen gate [28] . To perform the gate, we off-resonantly drive the blue and red sidebands of the axial center-of-mass motion of the |S ↔ |D transition with a detuning δ. The ions are initialized in |S |S . After a time T = 1/δ = 55 µs, with a detuning δ = 18.2 kHz, the two ions are prepared in the entangled state |S |S + i |D |D / √ 2 (see Fig.  (1b) ). For comparison, the coherence time for information stored in the S − D qubit is 475 µs.
We calculate the fidelity F Ψ + of the experimental state with respect to |Ψ + in the following way [27] . After |Ψ + is created, we apply an 'analysis' π/2 pulse on the |S ↔ |D transition with a variable phase with respect to the previous entangling pulse. Subsequently, the parity operator P = p SS + p DD − p SD,DS is calculated from fluorescence measurements of the ion populations, where p SS and p DD are the probabilities to find both ions in |S |S and |D |D , respectively, and p SD,DS is the probability to find one ion in |S and the other in |D . Fig. (1c) shows the parity P as function of the phase of the analysis pulse. If A is the amplitude of the parity oscillation, then the fidelity F Ψ + is bound from above via F Ψ + ≥ A. From a fit to the data of Fig (2a) , we calculate that |Ψ + is created with a fidelity of at least 95(2)%. After the state |Ψ + is generated, a π/2-pulse on the |S ↔ |D transition rotates the state to ( |S |D + |D |S )/ √ 2, identified in Fig. (1c) . Finally, to convert ( |S |D + |D |S )/ √ 2 to |Ψ(φ) , we perform a singleion rotation, introducing AC-Stark shifts to one ion using the addressing beam [29] . The phase φ of |Ψ(φ) is proportional to the duration τ of the Stark-shift pulse, where the proportionality constant depends on the Rabi frequency of the addressing beam, Ω AC , and the detuning of the laser from the |S ↔ |D transition, δ AC . We choose δ AC = 10 MHz and Ω AC = 8.6 MHz for a rotation that has a period of 5.3 µs.
The implementation of the Stark-shift gate is demonstrated via the generation of the state |S |D . After optical pumping of both ions to |S |S , we apply a π/2 rotation on the |S ↔ |D transition using the global beam. Next, the Stark-shift gate is applied to one ion for a time τ . Subsequently, another global π/2 rotation on the |S ↔ |D transition is applied with the same phase as the first π/2 rotation. Finally, |S |S , |D |D and |S |D populations are extracted via fluorescence detection. The results are shown in Fig (4) as a function of τ . After 2.6 µs, the ions are in the state |S |D with a fidelity of 91(4)%.
To generate the single ion cases |ψ 1 and |ψ 2 , we also use the addressing beam. In this case, the frequency of the addressing beam is set to drive the |S ↔ |D ≡ |D, m j = 3/2 transition on resonance. As the addressing beam interacts with the second ion, a π-pulse transfers the state |S |S to |ψ 1 = |S |D . To generate |ψ 2 = |D |S , we subsequently apply a π-rotation on the |S ↔ |D transition to both ions, such that |S |D is rotated to |D |S . The single-ion cases are prepared with a fidelity of 95(3)%.
Two-ion crystal as a single-photon source
We have previously demonstrated that one ion in S produces a single photon when a Raman transition between S and D is driven [25] . In the experiments presented in the main text, we consider two ions in the entangled state |Ψ(φ) , in which the probability to find one ion in |S is one. When a Raman transition is driven between |S and |D , the entangled state |Ψ(φ) is transferred to |D |D and a single photon is expected. However, imperfect preparation of |Ψ(φ) leaves some population in |S |S , resulting in the generation of two photons.
In order to estimate the number of two-photon detection events, we consider detector dark counts and imper- fect preparation of the ions' state. The following four events are relevant and contribute to two-photon detections:
1. State |S |S is generated; two photons are produced and detected.
2. State |S |S is generated; two photons are produced, one is lost and the other is detected together with a dark count.
3. State |Ψ(φ) is generated; one photon is produced and is detected together with a dark count.
4. Two darks count are detected.
State tomography reveals that in 3(2)% of attempts to generate |Ψ(φ) , the state |S |S is prepared instead. The probability to detect one photon during the 55 µs duration of the Raman process is 5.4(3)%, which is mainly limited by cavity absorption and detector efficiencies [26] . Detector dark count rates are 3.2(1) s −1 and 3.8(1) s
for the two avalanche photodiodes. With these values, we expect one two-photon event in 8.2(8) × 10 3 attempts to generate a single photon.
To measure two-photon events, we generate |S |D + |D |S / √ 2 and |S |D + |D |S / √ 2 and drive a cavity-mediated Raman transition such that a horizontally or a vertically polarized photon is generated. Photons leaving the cavity cross a half-wave plate aligned such that 50% of the light is reflected and 50% transmitted by a polarizing beam splitter. Photons are detected by the two avalanche photodiodes at each beam-splitter output and the second-order correlation function g (2) (0) is calculated. After 223,106 attempts to generate photons, 28 two-photon events were measured, and 27(3) two-photon events were expected from the considerations above. The observed number of two-photon detection events are thus consistent with single-photon generation.
Process fidelity
Tomography of the state-mapping process consists of state tomography of the photonic output qubit for four orthogonal input states. Measurements in the three bases of horizontal/vertical, diagonal/antidiagonal and right/left circular polarization constitute state tomography of the photonic qubit [37] . Each basis is measured a second time with the APDs swapped by rotating the λ/2-and λ/4-waveplates. Analysis is done with the sum of the two measurements to compensate for the different detection efficiencies of the two APDs.
Process matrices χ ij are reconstructed using a maximum-likelihood method. The process fidelity χ 00 is given by the overlap of the reconstructed process matrix with the target process (i.e., the identity operation). Uncertainties in the process fidelities are given as one standard deviation, derived from non-parametric bootstrapping assuming a multinomial distribution [38] .
Simulations
Numerical simulations are based on the Quantum Optics and Computation Toolbox for MATLAB [39] via integration of the master equation. We simulate two 40 Ca + ions interacting with an optical cavity and a Raman beam. For each ion, we consider six levels: |S , |S , |D , |D , |P, m j = −1/2 and |P, m j = 1/2 . For the optical cavity, we consider two orthogonal modes a and b with the Fock state basis truncated at 2 for each mode. Additional input parameters for the simulations are the cavity parameters g, κ, and γ; the magnetic field amplitude B, the Rabi frequency Ω of the Raman laser, the Raman laser linewidth, and the output path losses. The laser linewidth, atomic decay, and cavity decay are introduced in the Lindblad form. The Raman laser linewidth is set to the measured value of 30 kHz.
For the simulation of the first experiment, the initial density matrix ρ 0 is assigned 8% of populations equally distributed between |S |S and |D |D , and the coherence terms between |S |S and |D |D are set to zero, consistent with population measurements. The rest of the population is distributed between |S |D and |D |S , preserving the coherences such that ρ 0 has an overlap of 92% with |Ψ(ϕ) . In the case of the second experiment, the superposition state |α, β ≡ cos α |S + e iβ sin α |S , is introduced via an operatorM that performs the mapping |S → cos α |S + e iβ sin α |S for each ion. This operatorM is applied to ρ 0 . From the integration of the master equation up to a time t, we obtain the time-dependent density matrix ρ(t). The mean photon numbers of the cavity modes are calculated via the expectation values a † a(t) and b † b(t) . Contributions of the detector dark counts are added to the mean photon number. Errors in the generation of the superposition state and magnetic field fluctuations are introduced by scaling the off-diagonal terms of ρ(t) by a factor of 0.96 and by the exponential e (2t/τ ) 2 respectively, where τ = 190 µs is the coherence time of the qubit stored in |S and |S . Fig. (2c) shows the simulated and experimental temporal photon shapes as function of detection time. In order to have good agreement between the experimental data and simulations, we adjusted the Rabi frequency Ω within the experimental uncertainty range (see the "System Parameters" section).
In the main text, we note that scattering and imperfect state preparation reduce the photon generation probability of the entangled state during the first 6 µs of the Raman process. In order to quantify this effect, we simulate the temporal photon shape as a function of detection time for the superradiant state, for the case of perfect state initialization and no scattering from P to S and D. Comparing the area under this curve to that from the simulation in Fig. (2c) , which takes both imperfect state initialization and scattering into account, we extract a reduction of 9.1%.
